Two bacterial strains were isolated from sediments and microbial mats of Kingfisher Pond, Antarctica and characterized in a taxonomic study using a polyphasic approach. Cells were strictly aerobic, Gram-stain-negative, rod-shaped, motile (+50 flagellum-specific genes present in the genome sequence; motility observed under microscope) and formed creamy white, half-transparent colonies. Growth occurred at 4 to 28 C with an optimum at 20 C, with 0-5.0 % (w/v) NaCl (optimum at 0-1.0 %) and at pH 4.0-11.0 (optimum pH 7.0-9.0). The major fatty acid was C 18 : 1 !7c. The respiratory quinone was ubiquinone 10 (Q-10). The DNA G+C content was 60.7 mol %. The polar lipids were phosphatidylglycerol, phosphatidylethanolamine and phosphatidylmethanolamine in addition to three unidentified lipids, one unknown glycolipid and five unidentified phospholipids. Comparative analysis of 16S rRNA gene sequences showed highest sequence similarity (98.1 %) to Pararhizobium giardinii H152 T , Pararhizobium herbae CCBAU 83011 T , and 'Pararhizobium polonicum' F5.1. In silico average nucleotide identity (ANI) and genome-to-genome distance calculator (GGDC) showed 81.1 % identity (ANI) and 22.6 % identity (GGDC) to the closest relative, 'P. polonicum' F5.1. On the basis of phenotypic, phylogenetic, genomic and chemotaxonomic data, the two strains represent a novel species of the genus Pararhizobium, for which the name Pararhizobium antarcticum sp. nov. is proposed. The type strain is NAQVI 59
The genus Rhizobium, first described by Frank [1] , is a member of the family Rhizobiaceae within the order Rhizobiales of the class Alphaproteobacteria [2] . Members of the genus Rhizobium are characterized as Gram-stain-negative, non-spore forming, rod-shaped and aerobic, with a DNA G +C content between 57 and 66 mol% [3, 4] . In 2015, the phylogeny of the family Rhizobiaceae was revised based on multilocus sequence analysis (MLSA) of four housekeeping genes, and a new genus, Pararhizobium, was proposed [5] . Until now, members of the family Rhizobiaceae have been described from all continents except Antarctica.
During our investigations on the biodiversity of bacteria in Antarctica, two novel bacterial strains, NAQVI 59
T and NAQVI 58, were isolated and selected for detailed polyphasic taxonomical analyses. Water samples from freshwater ponds in the Miers Valley, Antarctica were spread onto YMA (BD Difco) plates and incubated at 28 C for 3 days. Strains NAQVI 59
T and NAQVI 58 were selected and subcultured under the same conditions and preserved at À80 C in YMA broth with 20 % (v/v) glycerol. Genomic DNA was isolated from cells using the Gentra Puregene Yeast/Bact kit (Qiagen). Whole genome sequencing of strains NAQVI 59 T and NAQVI 58 was carried out as described by Qin et al. [6] . The sequences of the 16S rRNA gene and three housekeeping genes atpD, recA and rpoB were compared with those available from the NCBI GenBank database (www.ncbi.nlm.nih. gov/genbank/) (Tables S1 and S2, available in the online Supplementary Material) . Sequences were aligned using the alignment tool in the CLC Main Workbench 7.6.3 (Qiagen A/S Aarhus) and a maximum-likelihood tree was reconstructed based on the Jukes-Cantor model by using MEGA 7 software package (www.megasoftware.net/). Bootstrap values were calculated based on 1000 replications. The 16S rRNA gene sequence analysis indicated that strains NAQVI 59
T and NAQVI 58 belonged to the family Rhizobiaceae of the order Rhizobiales, class Alphaproteobacteria. Strains NAQVI 59 T and NAQVI 58 formed a distinct subclade within the genus Pararhizobium [5, 7] in the phylogenetic tree (Fig. 1) . Sequence similarity calculations showed that strains NAQVI 59
T and NAQVI 58 were closely related to Pararhizobium giardinii H152 T (98.1 % 16S rRNA gene sequence similarity) [8] , Pararhizobium herbae CCBAU 83011 T (98.1 %) [9] and 'Pararhizobium polonicum' F5.1 (98.1 %) [10] (Fig. 1 , Table S2 ). This phylogenetic relationship was confirmed by analyses of the three housekeeping genes atpD, rpoB and recA from strains NAQVI 58 and NAQVI 59 T and related species within the family Rhizobiaceae (Table S2) . Phylogenetic analysis of concatenated atpD, rpoB and recA sequences confirmed that strains NAQVI 58 and NAQVI 59
T formed a separate clade in the combined phylogenetic tree (Fig. 2) , an observation that was further confirmed by phylogenetic trees of the individual genes (Figs S1-S3). Genome relatedness was investigated by comparing the genome sequences of strains NAQVI 59
T and NAQVI 58 with sequences of the closest related species of the genus Pararhizobium using average nucleotide identity (ANI) through the Kostas Lab platform (available at: http://enve-omics.ce.gatech.edu/ani/) and the Genome-to-Genome Distance Calculator (GGDC) program, version 2.1 at http://ggdc.dsmz.de/distcalc2.php [11] . These novel methods for comparing whole genome sequences in pairwise relatedness analyses have been shown to be as good as or better than the traditional DNA-DNA hybridization method because they are reproducible, easier to perform, and compatible with genome sequences [12] [13] [14] [15] [16] . The ANI values for strains NAQVI 58 and NAQVI 59
T when compared to the closest related species, P. giardinii H152 T (GenBank accession no. ARBG00000000) and 'P. polonicum' F5.1 (GenBank accession no. LGLV01000000) were 80.5 and 81.1 %, respectively, when analysed by the algorithm at http://enveomics.ce.gatech.edu/ani/. These values are below the 95-96 % threshold that is accepted for species delineation [13, 17] . Similarly, GGDC analyses [18, 19] with Blast+ for strains NAQVI 58 and NAQVI 59 T compared to P. giardinii H152 T and 'P. polonicum' F5.1 using equation two in the GGDC program, version 2.1 gave DNA-DNA relatedness values of 22.1 and 22.6 %, respectively. The 70 % DNA-DNA hybridization value has been used as a gold standard for bacterial species delineation [20] .
Strains NAQVI 58 and NAQVI 59 T were investigated with respect to growth characteristics together with two type strains, P. giardinii H152 T and P. herbae CCBAU 83011 T . Data for two additional species were taken from the literature, P. capsulatum DSM 1112
T in Hirsch and Müller [21] and 'P. sphaerophysae' CCNWGS0238 in Xu et al. [22] . All cells for physiological experiments were harvested in late exponential phase. Cell morphology was observed by phasecontrast microscopy (DM 2000; Leica). The Gram Stain Set S kit (BD Difco) and the Ryu non-staining KOH method [23] were used for testing the Gram reaction. Motility was tested by the hanging-drop method [24] . The Spot Test Flagella Stain (BD Difco) was used for flagellum staining. The pH range for growth was determined by measuring the OD 600 of YMA broth cultures in triplicate. The pH was adjusted prior to sterilization through a Q-MAX filter (pore size 0.2 µm) to pH 4-11 (at intervals of 1.0 pH unit) using appropriate biological buffers: 0.1M citric acid/0.2M Na 2 HPO 4 for pH 4.0-7.0; 0.2M Tris/0.2M HCl for pH 8.0-9.0; and 0.05M NaHCO 3 /0.1M NaOH for pH 10.0-11.0. pH was measured prior to growth and at the end of the experiment. The temperature range for growth was determined in YMA broth at 4, 10, 15, 20, 28 and 37 C. To investigate tolerance to NaCl, YMA broth was prepared according to the formula of the BD Difco medium with the NaCl concentration adjusted to 0-5.0 % (w/v, at intervals of 1.0 %). Growth under anaerobic conditions was determined after incubating strains on YMA agar in the Oxoid Anaero Gen system. Additional biochemical tests were performed using API 20E kits (bioM erieux). All commercial phenotypic tests were performed according to the manufacturers' recommendations. Nitrogen sources, i.e. (NH 4 ) 2 SO 4 , KNO 3 , L-glutamic acid and L-valine were also tested for the reference strains. Differential phenotypic characteristics for strains NAQVI 58 and NAQVI 59
T and the four reference strains are shown in Table 1 .
For polar lipids, respiratory quinones and fatty acids, cells were harvested from colonies of strains NAQVI 59
T and NAQVI 58 cultivated on YMA at 20 C. Approximately 300 mg freeze-dried cells were shipped to Leibniz-InstitutDeutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) (Germany). Fatty acids were subjected to saponification, methylation and extraction using minor modifications of the method of Miller [25] and Kuykendall et al. [2] . The major fatty acid of the two novel strains was determined to be C 18 : 1 !7c (Table S3) as shown for other species of the genus Pararhizobium [3, 9] . The polar lipid profile for both strains consisted of phosphatidylglycerol, phosphatidylethanolamine and phosphatidylmethanolamine in addition to three unknown lipids, one unknown glycolipid and five unidentified phospholipids (Fig. S4) . Ubiquinone (Q-10) was 100 % for both strains. Polar lipid and quinone profiles have not been reported for other members of the genus Pararhizobium. Strains NAQVI 59
T and NAQVI 58 grew aerobically with optimal temperature and pH for growth at 20 C and pH 7, respectively ( Table 1) . Cells of strains NAQVI 59
T and NAQVI 58 were rod-shaped (Fig. S5 ) and motile and the genome sequence revealed more than 50 genes involved in flagellum synthesis and function. Cells were Gram-stain-negative and colonies on YMA agar were creamy white, smooth, circular and halftransparent. Susceptibility to antibiotics was investigated on YMA agar plates using droplets of antibiotics containing the following (µg ml streptomycin (25) , tetracycline (10) and penicillin (1000). Incubation of the plates was at 20 C for 2 days. A BLAST search for nodC, nifH and other genes involved in nodule formation and nitrogen formation remained unsuccessful. A similar analysis of the genome sequence of P. giardinii H152
T by Laguerra et al. [26] showed the presence of nodC but not nifH. The G+C contents for strains NAQVI 59
T and NAQVI 58 were 60.7 and 60.6 %, respectively.
In conclusion, morphological, biochemical and physiological data link strains NAQVI 58 and NAQVI 59
T to the genus Pararhizobium. However, genome comparisons (ANI and GGDC) and phylogenetic analyses with housekeeping genes (16S rRNA gene, atpD, recA and rpoB) show that strains NAQVI 58 and NAQVI 59
T represent a novel species of the genus Pararhizobium, for which the name Pararhizobium antarcticum sp. nov. is proposed. [21] ; 6, 'P. sphaerophysae' CCNWGS0238 [22] . Data were obtained in this study or where followed by an asterisk are from the literature indicated above. +, Positive; À, negative; ND, not determined. C. Growth occurs pH 4-11 with an optimum between pH 7-9, and 0-5 % NaCl with an optimum between 0-1 % (w/v) NaCl. In contrast to other species of the genus Pararhizobium, strains display b-galactosidase and tryptophan deaminase activity and are unable to use L-valine as nitrogen source. Positive for activities of arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, citrate utilization, urease, acetoin production and gelatinase, and negative for H 2 S production and indole production. Negative for fermentation of glucose, mannitol, inositol, sorbitol, rhamnose, sucrose, melibiose, amygdalin and arabinose. Utilization of (NH 4 ) 2 SO 4, KNO 3 and L-glutamic acid is positive, but utilization of L-valine is negative. Resistant to ampicillin (1000 µg ml
À1
) and penicillin (1000 µg ml . The DNA G+C content of the type strain is 60.7 mol%. An additional strain of the species is NAQVI 58 with a DNA G+C content of 60.6 mol%. 
